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ABSTRACT 
 
 
Galveston Bay is the second largest estuary in the Gulf of Mexico. The bay’s 
watershed and shoreline contains one of the largest concentrations of petroleum and 
chemical industries in the world, with the greatest concentration within the lower 15 km 
of the San Jacinto River/Houston Ship Channel (SJR/HSC). Extensive groundwater has 
been withdrawn to support these industries and an expanding population has resulted 
elevated land subsidence, with the highest land subsidence in the lower SJR/HSC, of 
over 3 m (3 cm yr-1) and has decreased seaward throughout the bay to 0.6 cm yr-1 near 
Galveston Island. Mercury (Hg) contamination is well documented throughout the bay’s 
sediments.  Sediment vibra-cores were collected throughout the bay systems. 210Pb and 
137Cs geochronologies from these cores was used to determine sedimentation rates and 
correlated to Hg profiles to estimate input histories. Relative Sea Level Rise (RSLR) is 
the sum of eustatic sea level rise and land subsidence.  The results show sedimentation 
rates are high in areas with high rates of RSLR and the rates are of the same order of 
magnitude, however, in general, sedimentation rates are as much as 50% of RSLR, 
indicating that sedimentation has not kept pace with land subsidence, although they have 
the same relative order.  Hg core profiles were correlated with radioisotope 
geochronologies and show significant input of Hg beginning around 1940, with a peak 
around 1971, and a dramatic drop off in concentration afterwards, demonstrating it to be 
a valuable geochronology tool.  Hg concentrations were found to be dramatically higher 
proximal to the SJR/HSC and progressively decreasing seaward and to distal parts of the 
bay. 
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NOMENCLATURE 
 
137Cs Radioactive Cesium  
210Pb  Radioactive Lead        
AR Anthropogenic 
CRM Certified Reference Materials 
EPA Environmental Protection Agency 
GBNEP  Galveston Bay National Estuary Program 
GOM Gulf of Mexico 
GPS Global Positioning System 
GSLR Global Sea Level Rise 
Hg Mercury 
HGSD Houston Galveston Land subsidence District 
HSC Houston Ship Channel 
InSAR Interferometric Synthetic Aperture Radar 
RSLR Relative Sea Level Rise 
SJR San Jacinto River 
USGS United State Geological Survey 
α   Slope defined by a regression through the data 
210Pbxs excess 210Pb concentration   dpm g-1 
d    Thickness of sediment  cm 
Dpk                               Peak concentration of 137 Cs                         dpm g-1 
Hg flux  Mercury Flux    ng m-2 yr-1 
Hg Inv   Mercury inventory     ng m-2 
md Mass of dried sediment   g 
mw Mass of water      g 
ρs   Density of sediment (2.65)    g cm-3 
ρw    Density of the pore water   g cm-3 
RSD Relative Standard Deviation    % 
  v 
S  Pore water salinity                          dimensionless 
S                                  Sedimentation rate     cm yr-1 
SAvg   Average sediment accumulation rate             cm yr-1 
T                                 Time difference to 1963                                  year 
T-Hg   Total Dry Mercury ng g-1  
λ   Decay constant of 210Pb (0.031).                    year-1 
φ Porosity      dimensionless 
z    Corrected depth      cm 
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1. INTRODUCTION 
  
The Galveston Bay system is very complex and provides valuable ecological and 
economic resources. Galveston Bay is the seventh largest estuary in the United States 
(USA) and includes the San Jacinto River/Houston Ship Channel (SJR/HSC) the busiest 
shipping lane in North America (Figure 1). The Galveston Bay watershed contains 
Houston, the fourth largest city and fifth largest metropolitan area in the US and contains 
one-third of the US petroleum refining capacity located along its shores (Figure 2), along 
with associated chemical industries. Moreover, Houston Port is the second largest port in 
the US and the eighth in the world with the highest foreign tonnage in the Americas 
[EPA, 2007]. As a result of these industries and anthropogenic activities, there has been 
extensive land subsidence and extensive contamination of sediments, especially in 
SJR/HSC. Land subsidence was noticed in the early 1900’s after groundwater, oil and 
gas were extracted (Figure 3). Between the 1906 and 1943, the period when the Houston 
petroleum industry was initially being developed, land subsidence was localized with a 
maximum of 0.18 m (0.48 cm yr-1).  Beginning around 1940 with the onset of WWII and 
during the post-war industrial boom, there was a rapid expansion of refineries along the 
SJR/HSC along with the associated boom in the population of Houston.  As a result, land 
subsidence started to become a more regional problem (Figure 4) [Coplin and Galloway, 
1999; HGSD, 2013; USGS, 2002].  
In the Houston-Galveston Bay area, land subsidence has caused significant loss 
of habitats and salt marsh erosion during this period [Lester and Gonzalez, 2011; Ravens 
et al, 2009]. Moreover, land subsidence has increase the intensity and frequency of 
flooding and cost millions of dollars. Groundwater pumping and the development of the 
oil and gas fields are the main mechanism, which causes the area to subside and, water, 
and sediment to contaminates through points and non-point sources [GBNEP, 1992; 
GBNEP, 1994; HGSD, 2013; USGS, 2002; Gardinali, 1996].  
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Figure 1. Samples location in Galveston Bay area. Red: selected core location. White:   
not sampled cores. Cross section A-A’.  
 
 
 
Much of the research conducted on SJR/HSC-Galveston Bay land subsidence 
issue has focused on quantifying rates and the risks associated with it as it pertains to 
land loss, land usage, and other societal issues. However, the question of whether 
sedimentation within the bay has kept pace with the enhanced bay bottom subsidence 
and the implication of this to fate and transport of contaminants, nutrients and organic 
matter within the bay system has not been addressed.   
 
 
A 
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Galveston Bay is a coastal plain estuary which formed due to the submergence of 
the incised Trinity and San Jacinto River valleys, beginning around 9,000 yBP, during 
the Holocene rise in sea level and reached its current configuration around 2,500 yBP 
(Rodriguez et al, 2005).  In general, estuaries exist and are maintained because a balance 
is achieved between sediment flux, accommodation space and hydrodynamics 
[Dalrymple et al, 1992; Rodriguez et al, 2005; Nichols, 2009; Bianchi, 2007].  
Accommodation space is created by sea-level rise, subsidence or a combination of both.  
If the sediment supply is sufficient, the space will be filled until a hydrodynamic 
equilibrium is achieved.  If the sediment supply cannot keep pace with the formation of 
accommodation space, than the estuary will deepen.  If sediment supply is in excess of 
that which is needed to fill the accommodation space and that which can be removed by 
the hydrodynamics, the estuary will fill and transition into a delta. 
 Mercury is very toxic, it is transformed to methylmercury in the marine 
environment and bioaccumulates in marine organism and poses a hazard when these 
organisms are consumed by humans [Liu et al, 2012; Bank, 2012]. Studies have shown 
that there is a very high concentration of mercury in Houston Ship Channel, however, 
the concentration in other areas of the bay are much lower [Harmon, 2003; Lester and 
Gonzalez, 2011]. The overall purpose of this study is to determine if sedimentation 
within the Galveston Bay system, including the SJR/HCS kept pace with the elevated 
land subsidence and elevated sea level rise experienced in the past century.  This has 
been accomplished through analyses of a combination of 210Pb and 137Cs geochronologies 
from sediment cores.  210Pb is a naturally occurring radioisotope with a 22 year half life, 
137Cs is a bomb produced isotope which did not exist in measureable quantities in nature 
prior to 1954 [Nittrouer et al, 1979; Santschi et al, 1999; Bianchi, 2007; Dellapenna et 
al, 1998].  Profiles of Hg concentrations are used to investigate the history of Hg inputs 
to the system, to test the utility of Hg input as an additional geochronology tool.  In 
addition, the distribution of Hg in the sediments have been used to assess the 
implications of enhanced subsidence driven sedimentation on the fate and transport of 
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particle bound contamination within estuarine systems. To accomplish this, four 
hypotheses have been tested: 
1. The sedimentation rate reflects relative sea-level rise for the past 100 years in 
Galveston Bay.  
2. Areas with higher sedimentation rate have higher inventories of mercury. 
3. Total mercury concentration in sediments profile decrease with distance from the 
estuary to the open sea.  
4. Mercury can be used as a geochronology tool in Galveston Bay. 
  
1.1 Background 
1.1.1 Study area - Galveston Bay 
Galveston Bay (Figure 1) is the second largest estuary in the Gulf of Mexico and 
the seventh largest in the United States, with a surface area of 1554 km2. The bay is 
located northeast to the Gulf of Mexico. Galveston Bay is divided to four major sub-
bays, Galveston, Trinity, West and East Bay. Fresh water input to the Bay is primarily 
from the Trinity River and San Jacinto River, with Chocolate Bayou as a minor source 
(Figure 1). Galveston Bay is a turbid estuary with an average depth of 2 m [Wen et al, 
1999]. The major tidal inlet in this system is located between Galveston Island and 
Bolivar Peninsula. Sediment fluxes of nutrients and trace metals are very high within the 
bay area [Lee et al, 2011; Santschi et al, 2001].  
The areas around the bay, especially around the SJR/HSC, are intensely 
industrialized with chemical and petrochemical plants (figure 2). One-Third of the oil 
refined in the United State is refined in the refineries along Galveston Bay. The net 
result of all of these industries is extensive anthropogenic environmental impacts, 
including: extensive land subsidence in upper bay and SJR/HSC [USGS, 2002; Coplin 
and Galloway, 1999], poor air quality-resulting from atmospheric fallout of particle 
bound contaminants and extensive contamination of sediments within the upper bay and 
SJR/HSC. Thus, as a result of the high concentration of industries along the bay’s shores 
and the increase of population, many studies have found high concentrations of trace 
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metals and toxic contaminants in SJR/HSC [Wen et al, 1999; Morse et al, 1993; Santschi 
et al, 2001].  Harmon et al (2003) found that there is a uniform distribution of trace 
metals in the surface sediment in Galveston Bay with exception of mercury which was 
high in in the SJR/HSC (200 ng g-1), proximal to where a chlor-alkali plant is located 
(Patrick Bayou), and about 50 ng g-1 elsewhere. Mercury concentration in the bay ranged 
between 10 to 280 ng g-1 with a flux to the surface sediment of 13.6 ng cm-2 yr-1 [Morse 
et al, 1993; Santschi et al, 2001]. Even with the highly developed petroleum, 
petrochemical, and chemical industries along Galveston Bay, the concentration of trace 
metals in the water column and surface sediment is low and the system is no longer 
considered as a greatly polluted system [Santschi et al, 2001; Wen et al, 1999].    
 
 
Figure 2. Map shows the location of most of the petrochemical plants in Houston Ship 
Channel and area around it [ChemPlants, 2013].    
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1.1.2 Land subsidence in Galveston Bay   
Land subsidence can be defined as lowering or sinking of the land surface 
relative to the surrounding terrain [Hu et al, 2004; Zilkoski et al, 2003; Kasmarek et al, 
2010]. Land subsidence can be caused by natural processes such as earthquakes, 
volcanoes, tectonic activities and sea level rise as well as human induces factors, most 
notably enhanced groundwater or other fluid withdraw [Hu et al, 2004].  Extensive land 
subsidence can negatively impact ecosystems, create wetlands losses, damage 
infrastructure, and increase flooding frequency [Coplin and Galloway, 1999; USGS, 
2002; Ravens et al, 2009]. 
In Houston-Galveston Bay area, land subsidence is caused by groundwater 
pumping as well as by oil and gas extraction.  This causes enhanced geostatic pressure 
and causes clay lattices to compact [Coplin and Galloway, 1999; USGS, 2002; HGSD, 
2013]. Groundwater was the original primary source of water in Houston-Galveston Bay 
area. In 1897, the area experience a growth in population as a result of the discovery of 
oil, resulting in the opening of San Jacinto River section of the Houston Ship Channel 
(SJR-HSC) in 1914 and growth in industry along its banks (Figure 3). In the early 1900s, 
enhanced land subsidence began due to groundwater pumping and oil extraction and it 
was extensive in the early 1940, this ultimately lead to approximately 3 m of land 
subsidence throughout the 20th century (Figure 4), with greatest land subsidence 
centered around SJR-HSC and decreasing towards the south and east [HGSD, 2008; 
USGS, 2002].  
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Figure 3. Annual groundwater pumping and number of population since early 1900 
[Coplin and Galloway, 1999]. 
 
 
 
In Houston-Galveston Bay area, the land subsidence rate has been monitored 
using Global Positioning System (GPS) and Interferometric Synthetic Aperture Radar 
(InSAR). In 1954, ground water pumping was temporarily reduced when the surface 
water from Lake Houston became available. By 1977, most industries were using 
surface water from Lake Livingston, which reduced groundwater pumping.  Land 
subsidence since then has been controlled and the rate has been reduced. The withdraw 
of groundwater within the regions of intense land subsidence are strongly regulated and 
within the metropolitan area, in general, reduced, resulting in an overall reduction in the 
land subsidence rate [Coplin and Galloway, 1999; HGSD, 2013; USGS, 2002; Zilkoski et 
al, 2003].  
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Figure 4. Contour map of land subsidence (feet) in Galveston Bay area between 1906 
and 2000 [HGSD, 2008]. 
 
 
 
1.1.3 Mercury 
Mercury (Hg) is a very toxic metallic element that occurs naturally in the Earth’s 
biogeochemical systems [Bank, 2012]. There are many sources of mercury in the 
environment including both natural and anthropogenic sources and activities. Natural 
sources include volcanic activities and weathering of mercury bearing rocks. 
Anthropogenic emissions primarily come from coal combustion, fossil fuels, medical 
incineration and local waste combustion [Liu et al, 2012; Sanders et al, 2008]. 
Anthropogenic activities extracted mercury from deep reservoirs which changed the 
cycle of mercury and increased the total atmospheric concentration of Hg by a factor of 
three since the beginning of the 21st century or more specifically, the beginning of the 
industrialization period, and that caused increase in mercury deposition in the 
environment [Bank, 2012]. In the environment and the biogeochemical system, mercury 
has three primary categories and compounds: elemental mercury, inorganic mercury, and 
organic mercury. In the environment (figure 5), Mercury exists in three oxidation states: 
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metallic or elemental mercury (Hg (0)), mercurous (Hg (I)), and mercuric (Hg (II)). [Liu 
et al, 2012; Bank, 2012]. The organic (monomethylmerucy, CH3Hg+) and inorganic (Hg 
(II)) forms of mercury are the dominant forms in the aquatic environment, while the 
elemental Hg (0) is the primary form in the atmosphere. Most inorganic forms of 
mercury are in the salt phase, either white powder or crystals [Clampet, 2012]. Chloro 
complexes and chloride (HgCl2) are the major inorganic mercury forms in seawater 
[Sibley and Morgan, 1977] and mercuric hydroxide (Hg (OH) 2) is the major form in low 
salinity estuarine systems [Lockwood and Chen, 1973]. In sediments, mercury is 
associated with humic matter and the major ore for mercury is cinnabar  (HgS) and 
typically forms through hydrothermal intrusions [Bank, 2012]. It is essential to 
understand the relation between Hg and sulfide in estuarine systems in order to fully 
understand the Hg bioavailability and methylation processes that determine the fate of 
such toxic element [Han et al, 2007].  Mercury has many organic forms such as 
deimethlmercury, phenylmercury, ethylmercury, and methylmercury, which is the most 
toxic form of mercury and the most common form in the environment [Clampet, 2012]. 
In aquatic environments, the different forms of mercury can transform from one to the 
other. For example, the sulfate reducer bacteria (Desulfovibrio desulfuricans) transform 
the inorganic mercury into monomethylmerury (MMHg), which is strongly 
bioaccumulated in the ecosystem. ‘‘This bacteria can transfer the methyl group from 
CH3-tetrahydrofolate via methylcobalamin to Hg+2 in anzyme-mediatd reaction’’ [Neff, 
2002]. Methylmercury can easily bioaccumulate in organism and the concentration can 
be much higher than the surrounding water.  Both biotic and abiotic processes can form 
Methylmercury in the environment [Neff, 2002; Clampet, 2012].  
In general, the concentration level of methylmercury in sediment does not exceed 2% of 
the total mercury [Bank, 2012].  
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Figure 5: Mercury biogeochemical cycle in the environment [Lasorsa et al, 2012]. 
 
 
 
In the last 100 years, human activities have increased all around the world, and as 
a result, mercury has become one of the major global pollutants [Liu et al, 2012; Bank, 
2012; Di Leonardo et al, 2006]. The toxicity of mercury depends on its chemical form, 
and due to the high toxicity of mercury, the biogeochemistry of this heavy metal in 
estuarine environments has been widely studied [Shi et al, 2010]. In estuarine and 
coastal systems, mercury concentrations (Hg) are much higher than open oceans due to 
anthropogenic activities [Bank, 2012]. Many studies have shown how the anthropogenic 
activities can affect the mercury concentration and distribution in the environment. 
Moreover, how radionuclides geochronology can be used to reconstruct the historical 
contaminant inputs in many estuaries. It is important to reconstruct the historical input 
for improving management strategies [Di Leonardo et al, 2006; Menounou and Presley, 
2003; Sanders et al, 2008; Louchouarn and Lucotte, 1998; Figueres et al, 1985; Kading 
et al, 2009]. For example, in Pearl River Estuary, China, total mercury concentration 
results show spatial and temporal variations within the sediments. The mercury 
concentration decreases toward the open ocean, which indicate that the anthropogenic 
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activities in the estuary are the main sources of emission. 210Pb was used as a dating 
technique to determine the historical changes in Hg concentration. The study concludes 
that the Hg fluxes and economic developments are well correlated in this system in the 
last three decades [Shi et al, 2010]. In estuarine water, mercury transportation and 
distribution is influenced by the complexation of mercury by DOM, colloidal 
coagulation, and particle scavenging. Sulfides are important binding sites for dissolved 
mercury in estuaries, which was suggested due to the conditional stability constants 
between mercury and natural ligands. The study demonstrates that dissolved mercury in 
Galveston Bay is complexed by natural ligands. The study shows that the natural ligands 
are responsible for dissolved mercury complexation in estuarine water [Han et al,2006].  
Mercury in Galveston Bay and Corpus Christi Bay has a ‘‘nonconservative estuarine 
mixing behavior’’. The concentrations of mercury in Galveston Bay decrease towards 
the sea (with increasing salinity) and the filter-passing mercury have two distinct 
sources. Around 60% of the filter-passing mercury was bonded to colloidal material in 
Galveston Bay and the other proximal estuaries. The strong correlation between mercury 
(Hg) and Colloidal Organic Carbon (COC) indicate that the process affecting organic 
carbon concentration will affect the Hg cycling in estuaries [Stordal et al, 1996]. 
 
1.1.4 Radioisotope applications 
Short-lived	   radioisotope geochronology, including natural radionuclide such as 
210Pb (t1/2 = 22.3 yr, Eγ= 46 KeV) and anthropogenic nuclide such as 137Cs (t1/2 = 30.2 yr, 
Eγ= 662 KeV),  has been used extensively to investigate sedimentary processes and 
sedimentary records in wide variety of aquatic and marine environments including 
estuaries [e.g. Nittrouer et al, 1979; Santschi et al, 1999; Sharma et al, 1987; 
Dellapenna et al, 1998; Dellapenna et al, 2003; Yeager et al, 2004]. In shallow 
environment, it is better to use more than one radionuclide to obtain precise information 
about sedimentation rates rather than relying on 210Pbxs itself [Santschi et al, 1999; Jason 
and Baskaran, 2011].  Both 210Pb and 137Cs are used in this study to determine the 
sedimentation rate in Galveston Bay and to reconstruct the historical input of mercury in 
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the bay for the last 100 years. For both isotopes, it is always assumed that the it has a 
very short residence time in the water compared to it is half-life time and that they are 
absorbed into fine-grained particles [Dellapenna et al, 1998; Nittrouer et al, 1979; 
Krishnaswami et al, 1971]. 
210Pb is the final long-lived radionuclide (22.4 years) in the decay of 238U in the 
earth’s crust. The decay series of 238U includes 226Ra, which decay to 222Rn, a noble gas, 
which then escapes into the atmosphere at a constant rate. The Radon atoms in the 
atmosphere subsequently decay through a series of short-lived radionuclides to produce 
unsupported components of 210Pb activity.  210Pb is primarily removed from the 
atmosphere by washout of wet and dry fallout. 210Pbxs then is deposited in the snow, ice 
of glaciers, lakes, and oceans. The half-life time of 210Pb allows the determination of 
sedimentation rate back 50-100 years (about five half-life times) [Bianchi, 2007; Faure 
and Mensing, 2005; Baskaran and Naidu 1995; Nittrouer et al, 1979].   
137Cs is used as an impulse tracer and it is anthropogenically introduced into the 
environment via the atmospheric testing of the nuclear weapons and releases from 
nuclear power facilities (both locally and regionally).  The atmospheric weapons testing 
beginning in 1952 and 137Cs was deposited in the environment through processes similar 
of 210Pb. In 1963, an extensive nuclear testing caused a well establish peak of 137Cs in 
the sediment profile. Either the maximum fallout or the first appearance in sediment 
enables the establishment of sediment chronologies [Van Metre et al,  2004; Santschi et 
al, 1999 ; Jason and Baskaran, 2011].  
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2. METHODS 
 
2.1 Data collection and core processing 
A total of 22 sediment cores (Fig 1) were collected from Galveston Bay on four 
cruises (June 15, July 27, August 1 and 8, 2012) using viba-corer with 7.62 cm diameter 
aluminum  core barrels and 1 to 3 m of sediment recovered. The recovered cores were 
sealed immediately and were stored upright in the boat and then in the refrigerator (∿ 
4°C) for further processing and analyses. The core locations were chosen at sites where 
there is no history of dredging and where they appears to be representative depositional 
setting. These locations cover most of the bay, including the lower reachs of the SJR-
HSC. In the laboratory, each core was cut in half lengthwise. One half of the core was 
X-rayed, photographed and visual descriptions of the core lithology were recorded and 
then stored in the core was placed in refrigerated storage (archive) for a future reference. 
The other half of the core was sectioned at 1 cm intervals for the upper 10 cm, every 2 
cm for 10 cm to 50 cm, and every 5 cm thereafter. Some of the sampling halves of the 
cores were sectioned every 1 cm throughout. Wet samples were extracted from the core 
and stored in labeled whirl-pak bags for water content, grain size analyses, and 137Cs 
geochronology. The dried samples were ground for total mercury concentration, and 
210Pb geochronology analyses via alpha spectroscopy (see below). 
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2.2 Water content    
Samples from various depths in these cores were immediately placed in pre-
weighed aluminum tins and kept in an oven for at least 24 hours, and then re-weighed to 
determine water content. The porosity was calculated from the water content by 
estimating the salt content and the sediment density of 2.65 g cm-3.  Porosity (φ) was 
calculated using the equation: 
 ∅=    (mw⁄𝜌!)/(𝑚!⁄𝜌!   +((𝑚!   -­‐  (S  *  𝑚!   )))⁄𝜌!  )         (1) 
 
Where (mw) is the mass of water, (ρw) is the density of the pore water, (md) is the mass of 
dried sediment plus salt, (S) is the pore water salinity, and (ρs) is the density of sediment 
particles, which is the density of pure mineral phase of quartz [Burdige, 2006].    
The porosity values were used to calculate the corrected depths for the 137Cs and 210Pb 
geochronology. The equation used to calculate the corrected depth in centimeter is: 
 
Corrected Depth = Cumulative  Mass /  (((1- ∅)  * 𝜌!))           (2) 
 
2.3 Grain size analyses 
Wet sediment samples at 5 cm depth intervals from cores were analyzed in the 
laboratory for grain size distribution using Malvern Mastersizer 2000. A laser diffraction 
technique is used to determine the particle size by measuring the light scattered intensity 
from the dispersed particles in a liquid medium.  About 2-4 g of the wet samples were 
homogenized and placed in a 100 mL glass jar.  Ten milliliters (10 mL) of 5.5 g L-1 of 
sodium hexametaphosphate were added to the sediment samples as a dispersant solution 
and approximately 20 mL of deionized water was added to the jar. To disaggregate the 
samples, the jars were sonicated for 30 minutes at 25 ◦C and frequency of 40 kHz. 
Because the Malvern instrument has a range of 0-2000 µm, all samples were wet sieved 
after sonication in a 2 mm sieve into 200 mL glass jar. The larger fraction of the 
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samples, such as shells, were placed in pre-weighed aluminum tins and kept in an oven 
for at least 24 hours, and then re-weighed to determine the final grain size distribution. 
The jar with samples  of < 2mm were filled with deionized water to a volume of 200 mL. 
The jars were placed on a stir plate to mix the samples.  Ten milliliters (10 mL) from the 
stirring samples was pipetted into pre-weighed aluminum tins and dried in the oven for 
at least 24 hours, and then re-weighed for the weight percentage calculation. The stirring 
samples were pipetted into the instrument until the obscuration level was reached.  Then, 
the instrument measured the fraction of sand, silt, and clay within each sample three 
times and then averaged them. The results obtained from the Malvern in addition to the 
10 ml sample that was removed, with the percentage of the fraction more than 2 mm 
were added to calculate the final fraction of gravel, sand, silt, and clay.  
 
2.4 Radioisotope analyses - 210Pb and 137Cs 
Wet and dry sediment samples for geochronology analyses were removed form 
the whirl-pak bags and homogenized to determine the activity of both 210 Pb and 137 Cs. 
For 137 Cs analyses (t1/2 = 30 yr, Eγ= 662 KeV), wet samples were placed in 50 x 9 mm 
and 60 x 15 mm  petri dishes and sealed using electrical type. Each sediment sample was 
counted for 1-2 days using a semi-planar intrinsic germanium detector coupled with 
Canberra DSA-1000 16K multichannel analyzer. Two radioactive standards (NIST, 
SRM 4357 and Cs-137 standard FF-294, Isotopes Products Laboratories) were used on 
each detector to determine the efficiency factors at the required  gamma ray energy. The 
net counts of each sample were converted to activity by using the efficiency factor and 
the wet weight of each sample. Sedimentation rate from 137 Cs can be calculated from 
the following equation: S = (Dpk / T) where (S) is the sedimentation rate (cm yr-1) , (Dpk) 
is the peak concentration of 137 Cs which occurs in 1963, and (T) is the time difference to 
1963 (50 years for this study). The activity of 210 Pb (t1/2 = 22.3 yr, Eγ= 46 KeV) was 
measured indirectly using its granddaughter 210 Po where they are assumed to be in 
secular equilibrium following the methods described by Nittrouer et al [1979] and 
Santschi et al [1999]. Dry sediment samples at 5 cm intervals were pulverized, 
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homogenized and wet sieved through a 38 µm sieve using deionized water. The smaller 
fraction was used because clay and silt particles have a large surface area, which allow 
them to absorb large concentrations of radioisotopes such as 210 Pb [Nittrouer et al, 
2007]. Then, approximately 1 g of the smaller fraction of each sample were placed in 
Teflon beakers and spiked with 0.25 µl of known activity of 209 Po tracer to assess the 
recovery of 210 Po. The samples were then digested with 15 ml of concentrated HCl and 
HNO3, and 10 ml of HF. For some samples, HF was not used. The Teflon beakers were 
placed on hotplates to near dryness. After dryness, 15 ml of HCl and HNO3, were added 
and the same procedure was repeated. Then, 15 ml of HCl was added and the Teflon 
beakers were baked to near dryness. Then, 50 ml of 1.5 N HCl was added to the 
sediment samples and ascorbic acid was added and stirred to the leachate to complex the 
free Fe(III). Silver planchets with one side exposed (1 cm2) were placed to each leachate 
along with a magnetic stir bar. The solution was then stirred for about 12 hours and both 
209 Po and 210 Po were electroplated onto the silver planchets. The silver planchets were 
removed and counted for 24 hours by alpha spectroscopy using Canberra surface barrier 
detector. The activity of 210Pb was obtained from the counts ratio of the Po isotopes and 
the relative activity of the spiked sample. Excess 210Pb (210Pbxs), can be calculated as the 
difference between total activities and supported activities. The supported activity can be 
determined from constant 210Pb activities at depth and/or 226Ra activities.  In order to 
calculate the sedimentation rate using 210Pbxs, some assumptions need to be considered, 
such the flux of the 210Pbxs is constant at the sediment-water interface, it is chemically 
immobile, and over the depth interval the particle reworking rates are negligible 
[Santschi et al, 2001; Sharma et al, 1987]. So from a constant sediment accumulation 
rate and specific activity of the radioisotopes, When 210Pb buried, it decay exponentially 
and the following equations used to calculate the sedimentation rate are:   
    
[210Pbxs (z)] = [210Pbxs (0)] exp (-αz)              (3) 
S = (λ/α)                 (4)  
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Where [210Pbxs (z)] and [210Pbxs (0)] represent excess 210Pb concentration at the corrected 
depth z and at sediment interface, z = corrected depth in cm, (S) = linear sedimentation 
rate (cm y-1); (λ) = decay constant of 210Pb (0.031 year-1). Alpha (α) = the slope defined 
by a regression through the data. The slope of the line, through data, ln [210Pbxs (dpm g-
1)] is plotted as the function of sample depth [Dellapenna et al, 1998; Santschi et al, 
1999; Santschi et al, 2001].                 
2.5 X-radiography    
The X-radiographs of the sediment cores were taken using MinX-Ray HF100+ 
Amorphous Silicon Imaging System 4030R, X-Ray unit at an energy level of 60 kV 
exposure time of 1/20 seconds.    
2.6 Mercury analysis            
For the analysis of total mercury concentration in the sediments, approximately 
100 mg of dry and homogenized pulverized sediment samples at 5 cm intervals were 
analyzed using Direct Mercury Analyzer (DMA-80, milestone srl, Italy) which is 
complaint with U. S. EPA Method 7473 (Mercury in solids and solutions by thermal 
decomposition, amalgamation, and atomic absorption spectrophotometry)[EPA, 1998] . 
The dry samples were thermally decomposed in a controlled heating furnace to liberate 
mercury from the sediment. By a continuous flow of oxygen, the decomposition 
products were carried to a hot catalyst at 615 ◦C, which reduced all mercury species to 
the elemental form [Hg (0)] and trapped halogens, nitrogen, and sulfur oxides. Vapor 
mercury is then carried along with the oxygen to a gold amalgamator, which selectively 
collected it. Then the amalgamator was heated up to 900 ◦C, which released the mercury 
vapor, and the flowing oxygen carried the vapor mercury to hot cuvette cells 125◦C 
(atomic absorption spectrometry) which quantified the absorption of elemental mercury 
at 253.7 nm wavelength as a function of mercury concentration [milestone, 2013; EPA, 
1998].  The DMA-80 was calibrated using prepared standard solutions of mercury and 
the calibration curve was verified with Certified Reference Materials (CRM). Four 
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standard solutions of mercury from inorganic ventures were used at different 
concentrations of mercury [0.1ppm Hg preserved in 3.7% HCl , 1ppm, 10 ppmHg 
preserved in 10% HCl and 100 ppm Hg preserved in 10% HNO] to calibrate the 
instrument for its full range. The 0.1 ppm aqueous standard was prepared using Milli-Q 
water by diluting 100 ppm mercury standard and transferred into amber glass bottles. All 
the standard solutions of mercury were preserved in the refrigerator to minimize the loss 
of mercury. Due to the loss of mercury as a result of chemical interaction between the 
acids and the nickel boats, quartz boats were used instead to calibrate the DMA-80. In 
order to ensure precision, reliability, accuracy and consistency of the sediment samples 
for the total Hg, three Certified Reference Materials (CRM) (MESS-3 Marine sediment 
[0.091 ± 0.009 ppm, National Research Council of Canada], NIST 2702 Inorganics in 
Marine sediment [0.4474 ± 0.0069 ppm, National Institute of Standards and 
Technology], and PACS-2 Marine sediment [3.04 ± 0.2 ppm, National Research Council 
of Canada]) were used representing a different Hg range. Once the instrument was 
calibrated with liquid standard solution, the calibration curve was verified with the three 
CRM. If the Hg concentration results were within the certified range for the standards, 
sediment samples along with the CRM were analyzed otherwise a new calibration curve 
would be obtained. Certified Reference Materials (CRM), blank to ensure no Hg is 
carried over the samples and duplicates to check the reproducibility were analyzed every 
10 samples to ensure accuracy. The results obtained from the CRMs were excellent and 
in good agreement within the certified range with an average recovery rate for MESS-2 
of 96 % ± 10 % (Mean ± RSD, n = 50), NIST 2702 (96 % ± 7 % (Mean ± RSD, n = 43), 
and PACS-2 (95 % ± 11 % (Mean ± RSD, n = 36).  
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3. RESULTS 
 
Total Hg concentration, grain size distribution, excess 210Pb activity, depth of 
maximum 137Cs activity and x-radiographs were determined for a total of 9 core. 
Porosity and core photographs for each core are in appendix A. All profiles are shown 
with consistent depth scales (140 cm). Table 1 and 2, contains all the results obtained 
from Hg concentration and accumulation rates for all of the cores used in this study.  
 
3.1 Core 3 – West Galveston Bay (WGB) 
 
 
 
 
Figure 6. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in West Galveston Bay.    
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For each core, a background concentration was determined from constant Hg 
concentration with depth. The total mercury concentration profile obtained from Core 3 
(figure 6), West Galveston Bay, shows Hg concentrations within the background range 
fluctuating between 4-22 ng g-1 and concentrations decrease with depth. Due to this low 
concentration of Hg in this location, it was difficult to distinguish between pre- and post 
contamination concentrations of Hg.   
The grain size profile is shown as a percentage of shell, sand, silt, and clay. In 
general, the sand composition in this location ranges between 40% and 50%. At a depth 
of around 60 cm, there is an increase in the shell fraction. At depths below 120 cm, there 
is a decrease is sand fraction and an increase in silt and clay fraction. The relative high 
sand fraction is related to the location of the coring site. The coring site is in a back-bay 
environment between Galveston Island and the mainland.   
West Galveston Bay has experience a land subsidence rate of about 0.3 cm yr-1 
between the periods of 1906 and 2000. The profile of excess 210Pb show a mixed layer in 
the upper 20 cm, with a consistently activity between 1.1 -1.6 dpm g-1 and decrease 
logarithmically with depth. The X-radiograph shows physical laminations with a few 
small burrows providing minor evidence of bioturbation in the upper 20 cm of the core. 
Sediment accumulation rate of 0.34 cm yr-1, was calculated based on the decreasing of 
the 210Pb activity between 20 and 55 cm.  The maximum depth of 137Cs activity (red 
dished line) was at 35 cm, which indicates a sediment accumulation rate of 0.29 cm yr-1.  
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3.2 Core 6 – East Galveston Bay (EGB) 
 
 
 
Figure 7. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in East Galveston Bay. 
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The background concentration of Hg in this location (figure 7) could not be 
determined due to the low concentration and as a results, the depth where Hg reaches it 
background values was not determined. The total Hg concentration is fluctuating 
between 10-20 ng g-1, which is very low compared to other locations.  
The grain size distribution profile shows that the sand fraction is between 40% 
and 60% for the upper 80 cm.  There is an increase in shell content below 80 cm. The silt 
and clay fraction were about 50% for the upper 5cm, and decreases to a relatively 
constant value of about 20% throughout the remainder of the core. The coring site is in a 
back-bay environment proximal to a large washover fan along the northern shore of 
Bolivar Peninsula.    
The excess 210Pb profile contains a mixed layer for the upper 4 cm, below which 
the activity of 210Pb decreases logarithmically with depth from 5cm to 30cm. the 
sediment accumulation rate of 0.53 cm yr-1 was calculated between these to points.  The 
x-radiograph did show clear layering for the upper 30 cm. The maximum activity of 
137Cs was at depth of 30 cm, and based on this the sediment accumulation calculated 
was 0.58 cm yr-1. The land subsidence rate was estimated in this location to be 0.3 cm yr-
1.   
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3.3 Core 9 – Trinity Bay 
 
 
 
Figure 8. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in Trinity Bay. 
 
 
 
Surface Hg concentration in Trinity Bay (figure 8) is 52.55 ng g-1 and decreases with 
depth. The background concentration of Hg was reached at depth 21cm. Hg 
concentrations ranged between 20 and 54 ng g-1. A chronological horizon was 
determined based on the depth where Hg reaches background values as pre-
contamination prior to 1940 the year when most industries were established.  
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The upper 40 cm of the grain size distribution profile is dominated by the silt and 
clay fraction, with less than 10% of sand. Between 15 and 20 cm there was some shells.  
Below a depth 45 cm, the sand fraction increases down the profile with an associated 
decrease in silt and clay fractions.   
Between the periods of 1906-2000, the area experiences a land subsidence of 
0.47 cm yr-1. The sediment accumulation rate was 0.29 cm yr-1 calculated using 210Pb 
based, on the decrease of activity between depth 5 and 55 cm. The maximum depth of 
137Cs activity was at 15cm, which indicate a sediment accumulation of 0.28 cm yr-1.  
 
3.4 Core 11 – Mid- Galveston Bay  
 
 
 
Figure 9. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in Mid-Galveston Bay. 
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Core 11 (figure 9) has an increase in Hg concentration from the depth where 
background values were found (116cm) to the top of the core. The average Hg 
concentration at the surface is 47 ng g-1. The grain size distribution profile sand content 
of about 30% for the upper 30 cm below which the sand fraction increases to about 50%.   
Land subsidence rate in this location is about 1.6 cm yr-1 with a two different 
sediment accumulation rates of 0.35 and 1.55 cm yr-1 obtained from 210Pb. The excess 
210Pb profile shows a mixed layer for the upper 15 cm, with a relatively uniform activity 
between 1.3-1.4 dpm g-1 and two different intervals where the activity decreases 
logarithmically with depth that reflect the rapid increase in land subsidence in this area. 
The X-radiograph indicates that a combination of physical mixing and bioturbation in 
the upper 15 cm of the core.  The depth of maximum activity of 137Cs was at depth 171 
cm (not shown in the profile), yielding a sediment accumulation rate calculated of 3.3 
cm yr-1. 
 
3.5 Core 13 – Clear Lake 
Total Hg concentration in Clear Lake (figure 10) fluctuating between 40 and 60 
ng g-1 with the highest concentration of 61.4 ng g-1. At depth 95.5, Hg reaches its 
background value where the concentration is constant with depth. The boundary between 
pre and post contamination is easily determined and the year were Hg starts to increase 
is assumed to be 1940.  The grain size distribution profile shows low sand fraction for 
the upper 60 cm, below which it increases with depth where silt and clay fraction 
decrease to about 50%. 
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Figure 10. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in Clear Lake. 
 
 
 
Clear Lake has experience a land subsidence rate of about 1.8 cm yr-1 between 
the periods of 1906 and 2000. The profile of excess 210Pb shows a mixed layer in the 
upper 30 cm, with a uniform activity and decreases logarithmically with depth below 30 
cm.  Two sediment accumulation rates were calculated based on the decreasing of the 
210Pb activity between 21-28 cm and 35-42 cm of 0.8 and 1.5 respectively. The 
maximum depth of 137Cs activity was at 67 cm, which indicate a sediment accumulation 
of 1.068 cm yr-1.  
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3.6 Core 15 – Taylor Lake 
 
 
 
Figure 11. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in Taylor Lake. 
 
 
 
The total mercury concentration profile obtained from core 15 (figure 11), from 
Taylor Lake, shows Hg concentrations fluctuating between 4 and 60 ng g-1 and 
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concentrations decrease with depth. There is a pronounced peak in Hg concentration at 
depth 45.5 with the highest value of 65.5 ng g-1. At depth 80.5 cm, Hg concentration 
reaches the background value of about 4 ng g-1.  The average surface Hg concentration 
for the upper 5 cm is 47.6 ng g-1.   
 As with Core 13 from Clear Lake, the grain size distribution profile shows low 
sand fraction for the upper 60 cm below which the sand fraction increases with depth to 
27% 
Land subsidence rate in Taylor Lake is estimated to be 1.87 cm yr-1 between the 
period of 1906 and 2000. The profile of excess 210Pb shows a mixed layer in the upper 
10 cm, with a consistently activity and decrease logarithmically with depth. The X-
radiograph shows a combination of physical laminations and burrowing suggesting that 
mixed layer results from a combination of physical mixing and bioturbation. Two 
sediment accumulation rates were calculated based on the decreasing of the 210Pb 
activity of 1.1 and 2.9 respectively based on the decreasing of the 210Pb activity. The 
maximum depth of 137Cs activity was at 95 cm, which indicate a sediment accumulation 
of 2.55 cm yr-1. Based on the 210Pb chronology the year where Hg reaches it peak is 
about 1972. 
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3.7 Core 18 – Upper Galveston Bay  
 
 
 
 
Figure 12. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in Upper Galveston Bay. 
 
 
 
The total Hg profile was constant with depth for the upper 55 cm with values 
ranging between 20 and 40 ng g-1 (figure 12). A pronounced peak of Hg concentration 
with a value of 104.3 ng g-1 exists a at depth of 61 cm. At a depth of 96 cm Hg reaches 
the background value of 7 ng g-1. This Hg profile generally shows an upward increase in 
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concentration. The sand, silt, and clay fraction in this core are nearly uniform throughout 
the core with about 40% sand, 40 %silts, and 20% clay.  
Excess 210Pb profile contains a mixed layer for the upper 40 cm of the core, with 
activity ranging between 0.9 and 1.1 dpm g-1, and the activity decreases logarithmically 
with depth below the mixed layer.  A sediment accumulation rate obtained from 210Pb is 
1.4 cm yr-1. This region has a land subsidence rate of about 1.9 cm yr-1.  The maximum 
depth of 137Cs activity was at 86 cm, which indicate a sediment accumulation of 0.7 cm 
yr-1.  
 
3.8 Core 20 – Tabbs Bay 
 
 
 
 
Figure 13. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in Tabbs Bay,SJR/HSC.   
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At this location (figure 13), Hg concentrations fluctuate between 21 and 146 ng 
g-1. Surface Hg concentration for the upper 5 cm was 48.85 ng g-1, below which the 
concentration increases with depth to a maximum value of 146 ng g-1  at depth of 96 cm. 
In order to reach the background depth, a deeper core is required.  Consequently, the Hg 
and radioisotope profiles are incomplete.  In general, the grain size distribution shows 
that the most dominant fraction in this location are the silt and clay, with a sand fraction 
of 10%.    
The excess 210Pb profile shows two distinct layers. Although the activity 
decreases logarithmically in the upper zone, it is assumed to be the mixing zone because 
of the location of this core near the dredged channel and the upper portion of the profile 
is interpreted to result from older sediment sitting atop younger sediment. The sediment 
accumulation rate was calculated to be 3.2 cm yr-1.  In this region, land subsidence rate is 
about 2.9 cm yr-1 between the periods of 1906 -2000.  
 
3.9 Core 22 – Scott Bay 
This core (figure 14) contains the highest Hg concentration found in any core 
from this study. The average Hg concentration at the surface is 157.85 ng g-1 with a 
maximum value of  2374.4 ng g-1 at 76 cm depth. The concentration remains roughly 
uniform from the surface to about 60 cm below which it increases to its peak below 
which it decrease with depth to where it reaches the background value at depth 131 cm.  
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Figure 14. Vertical profile of total Hg concentration, grain size distribution, excess 210Pb 
activity and X-ray for core collected in Scott Bay, SJR/HSC.   
 
 
 
The grain size distribution profile shows that the most dominate fraction for the 
upper 120 cm is silt and clay, with less than 5% of sand. At depth 120, the sand content  
increases to about 90%. In this location the land subsidence rate is 2.4 cm yr-1 between 
the periods of 1906 -2000.  
The excess 210Pb profile contains a 20 cm deep mixed layer in the upper core and 
activities logarithmically with depth. The sediment accumulation rate obtained using 
210Pb is 1.8 cm yr-1.  The maximum depth of 137Cs activity was at 100 cm, which indicate 
a sediment accumulation of 1.6 cm yr-1.  
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4. DISCUSSION 
 
4.1 Land subsidence / Sedimentation rate 
The historical data obtained from USGS and HGSD documenting land 
subsidence rates for the last 100 year were correlated with the calculated sediment 
accumulation rates obtained from 210Pb and 137Cs to determine whether sedimentation 
kept pace with land subsidence. Sediment accumulation rates calculated from 210Pb 
(figure 15) show a gradient of accumulation throughout the bay with higher sediment 
accumulation rates in SJR/HSC and rates deceasing both down the salinity gradient of 
the bay as well as away from the center of highest land subsidence. 
 
 
 
Figure 15. Areal distribution of the sediment accumulation rate calculated using 210Pb. 
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Sediment accumulation rates for Cores 22 and 20 in SJR/HSC (1.8 and 3.2 cm yr-
1 respectively) are comparable to previous calculation of 2.58 cm yr-1 [Yeager et al, 
2007]. The land subsidence rate in this region is estimated to be between 2.4 and 2.9 cm 
yr-1. Additionally, Core 18 has a sediment accumulation rate of 1.4 cm yr-1, which is also 
consistent with Yeager et al, 2007. The land subsidence rate at this site is 1.9 cm yr-1. 
Sediment accumulation rate for Core 9 in Trinity Bay is 0.29 cm yr-1, which is 
comparable to previously published rates of 0.29 cm yr-1[Santschi et al, 2001] and 0.44 
cm yr-1[Yuill, 1991] for nearby cores. In addition, Cores 3 and 6 shows sediment 
accumulation rate of 0.34 and 0.53 cm yr-1 with a land subsidence rate of 0.3 and 0.46 
respectively.  
 The 210Pb transection A-A’  (figure 16) shows sediment accumulation rate along  
the transect and the depth of the mixing zone. In general, there is a decrease in the 
accumulation rates away from the SJR/HSC towards the distal parts of the bay (e.g. Core 
6), and areas with higher land subsidence rates have deeper mixing zones within the 
cores, such as Cores 20 and 18.  
Table 2 shows the comparison between sedimentation rates to land subsidence 
rates.  In addition to land subsidence rates, the rate of Global Sea Level Rise (GSLR) 
needs to be considered.  Land subsidence was measured on land and is an independent 
measure to GSLR.  According to US EPA (2010), between 1870 and 2008, the average 
GSLR rate has been 0.17 cm y-1. The rate of the creation of accommodation space in the 
Galveston Bay system is going to be the sum of land subsidence and GSLR.  Both rates 
are shown in Table 2.  Although the general trend is that where subsidence rates are high 
sedimentation rates are high, there is not a perfect match with land subsidence.   
Differences between land subsidence and sedimentation rate range between +77% and -
41%, with negative values representing sedimentation rates lower than subsidence rates.  
When adding an average GSLR rate, the differences are even greater, and range is 
between 11% and -121% and in fact, only in the Tabbs Bay,West Bay and Taylor Lake 
cores does it appear that sedimentation kept pace with RSLR, with a surplus of 
sedimentation of 4%, 11% and 30 respectively.  Cores from Central Galveston Bay,  
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 Clear Lake and East Galveston Bay had sedimentation rates ranging between -14 
and -38% of subsidence and the other sites had sedimentation rates ranging from -48% 
to -121%. 
Core 15 is from Taylor Lake is an example which sedimentation kept pace with 
RSLR.  In 1944, Taylor Lake was a freshwater lake separated from Clear Lake by a 
creek and wetlands.  Today, Taylor Lake is a small tidal lake extending to the north from 
Clear Lake and the tidal creek and wetlands have a dredged channel through them.  
Additionally, dredge and fill has created bulkheaded canal communities around nearly 
the entire shoreline of Taylor Lake and a significant portion of the drainage basin has 
been modified, resulting a highly altered system. These additional anthropogenic 
alterations likely significantly impacted sediment delivery to Taylor Lake and may well 
provide explanation for the sedimentation rate being 30% higher than the RSLR. 
The outliers, where there was the greatest difference between subsidence and 
sedimentation are for Cores 9, 18 and 22.  There are likely site-specific explanations for 
these differences.   
Core 9 was collected in Trinity Bay and the land subsidence rates are calculated 
from land-based benchmarks mainly along the western shore of Galveston Bay. Core 9’s 
location is 17 km from the north shore, 21 km from the western shore and 9 km from the 
eastern shore, likely at least 20 km from the nearest benchmark.  The contours for 
subsidence in figure 4 are very wide in this area and based off of data at least 25 km 
from the coring location.  Consequently, the land subsidence rate for this part of the bay 
is poorly constrained.  It may well be that there is a much better agreement between 
sedimentation and subsidence in this area and that the difference presented here simply 
reflects a poorly constrained subsidence rate.   
Core 18 is in upper Galveston Bay 1.3 km west of the portion of the Houston 
Ship Channel that extends through the open portion of Galveston Bay.  Along this 
section, the dredge spoils are piled to the east of the channel so there is nothing 
dissipating tanker wakes to the west.  Personal communications with the U.S. Army 
Corps of Engineers revealed that sediment dynamics in this area are very complex, 
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mainly driving by the bow wakes of tankers, which has causes scouring of the bay 
bottom to the west of the channel, in the Core 18 location and convergence of sediment 
within the ship channel, requiring nearly continual dredging of the channel. This 
enhanced scouring likely explains the 26% deficit in sediment accumulation when 
compared to subsidence. 
Core 22 in Scott Bay is in the middle of the heart of the petrochemical  industry 
along the SJR/HCS as well as being situated within the area where there was maximum 
subsidence and is directly adjacent to the HSC.  Since 1944, there has been significant 
loss in wetland and saltmarshes (figure 17). These factors likely all contribute a sediment 
deficit at this location and likely explain why sediment accumulation rate is 43% lower 
than relative sea level rise.   
 
 
   
 
Figure 17. Loss in wetland and saltmarshes in Scott Bay since 1944 [Google Earth, 
2013] 
1944 1953 1978 2012 
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4.2 Spatial and temporal distribution of total Hg in Galveston Bay  
  The total Hg concentration for the upper 5 cm in Galveston Bay ranged between 
14.5 and 157.8 ng g-1 with an average of 50 ng g-1 (Table 1). The spatial distribution of 
Hg in the bay was found to be dramatically higher in areas around SJR/HSC and 
decreasing seaward (figure 18). In general, Hg concentration in the lower bay is lower 
than the upper bay and within the background range. However, the concentration of Hg 
in SJR/HSC is much higher due to the proximity to most of the petrochemical plants and 
the Chlor Alkali plant.        
 
 
 
Figure 18. Areal distribution of the average surface Hg concentration for the upper 5 cm 
of each core in Galveston Bay. 
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Figure 19 represent the maximum concentration of Hg in each core. Core 22 has 
the maximum concentration among all of the cores with a value of 2374.4 ng g-1, the 
maximum concentration in Core 20 and 18 was 146 and 104 respectively (Table 1). The 
maximum concentration decreases dramatically towards GOM, indicating that most Hg 
has been preserved in the upper portion of the bay where sediment accumulation and 
land subsidence are highest.   
 
 
 
Figure 19. Areal distribution of the maximum Hg concentration in each core in 
Galveston Bay. 
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The depth where anthropogenic Hg concentration reaches its maximum values 
varies in each core (figure 20). Core 3 and 6 shows a value of zero, which means that the 
depth of the anthropogenic Hg concentration could not determined due to the low 
concentration in these locations compare to the other locations. The depth of this 
concentration were highest in Cores 20 and 22.  This observation supports the idea that 
in these locations it is high sediment accumulation rate and higher land subsidence that 
causes Hg concentration to be store deeper in the sediment column.      
 
 
 
Figure 20. Areal distribution of the depth of maximum anthropogenic Hg concentration 
of each core in Galveston Bay. 
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Additionally, the depth of the background values of Hg varies as well (figure 21), 
being deeper in SJR/HSC and shallower toward the GOM. Cores 3, 6 and 20 has the 
depth of the background values at zero, which means that the background depth could be  
 
 
 
Figure 21. Areal distribution of the depth Hg concentration background of each core in 
Galveston Bay. 
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determined because either there is low concentration in Hg or the core is not deep 
enough to detect the background depth, as is the case for Core 20. The depth where Hg 
reaches it is background value can be used as a proxy in order to determine sediment 
accumulation rate and the temporal changes in the bay. A shallower background will 
indicate a low sediment accumulation rate, which reflect the system has not received a 
high input of Hg over many years.   
In general, Hg concentration at the surface sediment in most locations are within 
2 to 3 factors higher than the background values or even more comparable to Core 20 
and 22. There is a significant portion of anthropogenic input of Hg being accumulated in 
areas proximal to SJR/HSC, which indicate that this area is a suitable place to store Hg 
in the sediment as a result of the higher input and higher sediment accumulation rate 
along with land subsidence.  
210Pb and 137Cs were used to reconstruct the historical input of Hg in Galveston 
Bay (figure 22). In most cores, the increase in Hg concentration above background 
concentrations occur approximately around 1940, with a clear peak around 1970, and 
then a dramatic decrease in concentration to the surface. Hg in Galveston Bay was 
introduced to the system mainly due to the activities associated with  the chlor-alkali 
plant, which began operation in 1948 [ChemPlants, 2013]. Another possible source is 
the atmospheric Hg input from refineries in the region. 
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4.3  Hg as a geochronology tool 
The Hg concentration profile has been use as a geochronology tool to determine 
sediment accumulation rate for specific regions where there is clear anthropogenic 
loading of Hg. Hg profiles consequently shows how the load of Hg to the sediment have 
changed with time [Louchouarn and Lucotte, 1998].  In 1980, Barbeau et al, indicate 
that Hg can be used as a core dating method similar to 137Cs isotopes in the Saguenay 
Fjord.     
The mercury concentration profile from each core where there is distinguishable 
elevated concentrations is compared to the radioisotope geochronologies.  It is assumed 
that the depth where mercury concentration started to increase is the depth at which the 
time of anthropogenic activities started in the bay (~1940). In general, sediment 
accumulation rates obtained using Hg profile are in good agreement with 210Pb and 137Cs 
results (table 2 and 3).  Sediment accumulation rates for Cores 3, 6 and 20 could not be 
determined because it is difficult to distinguish the depth where Hg input started to 
increase or the concentration are within the background values. Moreover, Cores 18 and 
22 show a discrepancy between sediment accumulation rate obtained from Hg and 
radioisotopes, which might be due to the bioturbation, in combination with land 
subsidence, which affect the depth where Hg background is reached  
 
Table 3. Sediment accumulation rate obtained using Hg  
	  
Core  
3 
Core 
6 
Core 
9 
Core 
11 
Core 
13 
Core 
15 
Core 
18 
Core 
20 
Core 
22 
Hg SAvg N/A N/A 0.3 N/A 1.5 2.9 0.9 N/A  1.5 
 
Thus, sediment accumulation rate and geochronology in Galveston Bay can be 
determined by using total Hg concentration and radioisotopes with the assumption that 
1940 is the year where most industries were established, but is best used in conjunction 
with other geochronology tools such as 210Pb and 137Cs.  
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4.4 Hg and grain size fraction 
Ding et al (2009) mentioned that Hg concentration is well correlated with 
organic matters OM, pH, silt and clay fractions and mercury was not well correlated 
with sand fractions. On the other hand, Windom et al (1989) said that there is no 
correlation between concentration of mercury and aluminum (an indicator of clay 
minerals) in marine sediments. This is because most of the labile mercury in sediment is 
complexed with particulate and dissolved organic matter in the sediments and not with 
clay particles or iron oxide coating on clay particles. Hg is mostly associated with 
organic matter, which will tend to be associated with fine particulates. Hg is associate 
with clay but in fact, it is because it tends to be associate with the OM that is sorbed onto 
fine particles (clays). Al (as in aluminosilicates) concentrations do not necessarily 
correlate well with Hg concentrations (if the clays do not contain much OM). Sand, and 
other coarse grained sediments generally are depleted in OM and thus generally do not 
much Hg associated with them.. The sulfur-containing functional group is the reason for 
this strong interaction between Hg and OM. The surface to volume ration and the 
chemical composition within the clay-sized fraction tend to bind large amounts of Hg 
(Acquavita et al, 2012). The relationship between Hg concentration and grain size 
fraction was examined for the 9 cores. In general, Hg concentration is well correlated 
with silt and clay fractions. On the other hand, the sand fraction is not well correlated 
with Hg. Corrolations between grain size and Hg concentration for some coring 
locations are shown in Appendix B. In Core 13, for example, Hg is well correlated with 
clay fraction (r = 0.86) and silt fraction (r = 0.67). However, with the sand fraction it was 
negatively correlated (r = 0.88) (figure 23). Transect A-A’ (figure 24) reveal that a high 
amount of fine-grained sediment is accumulating in areas around SJR/HSC and are 
coarser seaward, which also supports the idea that Hg is associated with fine-grained 
sediment.        
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Figure 23. Correlation between Hg concentration and the percentage of grain size 
fraction   
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4.5 Recent Hg fluxes and Hg inventory 
The present-day Hg fluxes to the surface sediment and the total and 
anthropogenic inventories for the upper 140 cm were calculated for all locations (Table 
2). Hg flux (ng m-2 yr-1) was calculated using the following equation [Covelli et al, 
2012]: 
Hg flux = (1- φ ) * S * ρ * T-Hg         (3) 
  
Where S is the sediment accumulation rate (cm yr-1), T-Hg is the total Hg 
concentration (ng g-1) and ρ is the sediment density (g cm-3).  The calculated results 
(figure 25) show low fluxes of Hg in the southern and eastern side of the bay (core 3, 6 
and 9). On the other hand, in upper part of the bay, especially within the SJR/HSC and 
the Core 11 location, there is a high Hg flux. In general, there is a gradient of Hg flux in 
Galveston Bay, being high in SJR/HSC and decrease toward GOM. The surface flux 
results reflect the influence of the anthropogenic activities along SJR/HSC. In 2001, 
Santschi et al, estimated the present-day flux of Hg to the surface sediment to be 13.6 ng 
cm-2 yr-1 in Trinity Bay. However in this study, the present-day flux of Hg in Trinity Bay 
is 6.1 ng cm-2 yr-1. The decrease in Hg fluxes reflects the amount of Hg being released 
and the regulations requiring the decreased the input of Hg to the system.     
The anthropogenic concentration of Hg to the system was calculated by the 
difference between the total concentration of Hg and the background concentration: 
 
AR Hg = (T-Hg) – (Background Hg)         (4) 
 
Within most cores, there is evidence of the anthropogenic input of Hg, with a clear 
increase around 1940.  
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Figure 25. Areal distribution of present-day Hg fluxes to the surface sediment for all 
locations in Galveston Bay. 
    
 
 
Hg inventory (ng m-2) represents the total amount of Hg being loaded to the 
sediment over a period of time and deposited over a surface area (Kolak et al, 1998). The 
following equation was used to calculate the amount of Hg buried in the sediment: 
 
Hg Inv = Σ [T-Hg * (1- φ) * ρ * d]              (5) 
 
Where d is the thickness of the sediment between consecutive depth levels (cm).   
Figure 18, and 19 represent the total and anthropogenic inventories of Hg for the upper 
140 cm.       
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Figure 26. Areal distribution of total Hg inventory (upper 140 cm) 
 
 
 
  
Figure 27. Areal distribution of anthropogenic Hg inventory (upper 140 cm) 
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 Results from the total inventory (figure 26) show a significant difference between 
areas around SJR/HSC and the southern side of the bay (table 1). The accumulation of 
total Hg is higher in SJR/HSC (23228 ng m-2) and decreases towards GOM (2169 ng m-
2). In contrast, although the distribution of anthropogenic inventories (figure 27) of Hg 
follows the same trend as the total inventories being high in the upper section of the bay 
and decreasing seaward, the anthropogenic inventory for Cores 3 and 6 were zero and 
very low for core 9, indicating that most Hg is being trapped in the upper part of the bay 
and the western side and less Hg has been trapped in East and West Bay. The results 
confirm that areas with highest rates of fluxes and inventories are a preferential 
accumulation sites for anthropogenic Hg. 
 Additionally, the results show that areas with higher land subsidence rate such as 
Core 22 (2.4 cm yr-1), also have higher sedimentation rate on average (1.86 cm yr-1), and 
have higher inventories and fluxes of Hg (Table 2) compare to locations where the land 
subsidence rate and sediment accumulation rate are low (Core 3) and where there is 
higher wave energy and coarser grain size fraction is dominant.  
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5. CONCLUSIONS 
 
Galveston Bay is an ideal site to investigate the ability for an estuary to keep 
pace with rapid sea level rise and land subsidence as well as the implications this has in 
terms of contaminant fate and transport of particle bound contaminants such as Hg. The 
areas around the bay, especially SJR/HSC, are intensely industrialized and contain one 
of the largest petroleum and chemical industrial complexes in the world. As a results 
groundwater withdraw to support these industries as well as the growing population, the 
bay experienced a gradient of elevated land subsidence, with higher land subsidence rate 
in SJR/HSC (3 cm yr-1) and decreasing seaward towards Galveston Island (0.6 cm yr-1).  
Sedimentation rate in the bay was obtained using short-lived isotopes (210Pb and 
137Cs), and the results indicate a higher sedimentation rates in SJR/HSC area and 
decreasing rates toward the GOM.  Sedimentation rates are high in areas with higher 
land subsidence rates, although the sedimentation rates are lower than subsidence rates. 
However, when relative sea level rise is factored in, overall, sedimentation generally did  
not kept pace with RSLR, although they have the same relative order.  
The sedimentation rates, when correlated with Hg core profiles show significant 
input of Hg beginning around 1940, indicating that Hg can be a valuable 
geochronological tool. In general, the sedimentation rate obtained using Hg is in a good 
agreement with the other dating methods, demonstrating that Hg concentration profiles 
have utility as a geochronology tool when used in conjunction with excess 210Pb, and 
137CS geochronologies, in areas with a historically high input of Hg. The concentration, 
inventory, and fluxes of Hg profiles show higher values in areas proximal to the 
SJR/HSC and progressively decreasing seaward and to distal parts of the bay, which 
reflects the anthropogenic emission from SJR/HSC.  Furthermore, areas with higher land 
subsidence rates and sedimentation rate have a higher inventory of contaminants such as 
Hg.  
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Overall, the results of this study demonstrate that sedimentation rates within 
Galveston Bay are the same ratio as LSR and RSLR rates, ranging from 14% and 121% 
higher than sedimentation rates.  Although the reasons for these differences vary 
between sites and the error associated with estimations of land subsidence rates vary 
depending on the distance from monitoring stations, it appears that in general, 
sedimentation is lagging behind RSLR. Additionally, areas with higher 
sedimentation/RSL rates are also areas with dramatically higher inventories of Hg, 
suggesting that these areas also contain dramatically higher inventories of other particle 
bound contaminants.   
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APPENDIX A  
POROSITY AND CORE PHOTOGRAPHS 
  
Figure A1. Porosity profile and core photograph for site 3 – West Galveston Bay 
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Figure A2. Porosity profile and core photograph for site 6 – East Galveston Bay 
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 Figure A3. Porosity profile and core photograph for site 9 – Trinity Bay  
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 Figure A4. Porosity profile and core photograph for site 11 – Upper Galveston Bay 
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Figure A5. Porosity profile and core photograph for site 13 – Clear Lake 
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Figure A6. Porosity profile and core photograph for site 15 – Taylor lake 
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 Figure A7. Porosity profile and core photograph for site 18 – Upper Galveston Bay 
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 Figure A8. Porosity profile and core photograph for site 20 – Tabbs Bay  
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 Figure A9. Porosity profile and core photograph for site 22 – Scott Bay   
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APPENDIX B  
MERCURY AND GRAIN SIZE CORRELATION 
 
 
 
 
 
 
Figure B1. Correlation between Hg concentration and the percentage of grain size 
fraction in coring site 6 – East Galveston Bay. 
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Figure B2. Correlation between Hg concentration and the percentage of grain size 
fraction in coring site 11 – Mid Galveston Bay. 
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Figure B3. Correlation between Hg concentration and the percentage of grain size 
fraction in coring site 15 – Taylor Lake. 
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